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Abstract: In the present work, we focus on the study of nanoparticles of the Ag-Au-S ternary
system. The nanoscopic dimensions recquire the use of powerful instruments and efficient techniques,
so High Resolution Transmission Electron Microscopy (HRTEM) is performed. Using the Gatan
DigitalMicrograph and the CaRIne Crystallography softwares, the nanostructures are identified and
characterized.
I. INTRODUCTION
Nanoparticles are particles with a size lower than 100
nm. Nowadays they are important because the unique
properties of materials at the nanoscale allow us to cre-
ate new tools and products that have many advantages.
Nanoparticles have applications in electronics, pharma-
ceuticals, food science, aerospace industry and many
other fields [1]. In addition, they are useful to under-
stand the physics of the nanoscopic objects.
There are a few techniques that can be used to see
nanostructures and we will focus on the Transmission
Electron Microscopy (TEM), because it offers the best
range of characterization techniques with the highest res-
olution. It consists in transmitting a small beam of high-
energy electrons through an extremely thin sample. The
interaction between the electrons and the periodic poten-
tial in a given crystal generates an image which allows us
to observe features such as the crystal structure or the
density of defects at the nanoscale [2]. We will see the
TEM in more detail in Section II.
In this work, the TEM has allowed to observe the shape
and crystal structure of some given synthesised nanoma-
terials. These have been identified as Ag2S, Ag-Ag2S,
Au-Ag3AuS2, and AgAuS. Additionally, they present two
different shapes: nanoparticles and nanorods. These
nanostructured semiconductors are part of the Ag-Au-S
ternary system and they are important because of their
apllications such as optoelectronics, photovoltaics, ther-
moelectrics and photocatalysis [3].
II. TRANSMISSION ELECTRON
MICROSCOPY
The TEM is built by several components. Firstly,
it has an electron source, which can be thermionic or
field emission. The first one produces the electrons when
heated and the second one produces them by applying a
large electric potential. The gun and the electromagnetic
condenser lenses form the illumination system, which
takes the electrons from the source and transfers them
to the sample. Furthermore, the presence of small lim-
iting apertures reduces the electron beam intensity, but
produces remarkable depth of focus and depth of field.
Then, the objective lens and the specimen holder deter-
mine the region where the interactions between the beam
and the sample take place and the creation of the images
and diffraction patterns occurs. The microscope also has
pumps in order to keep the specimen in the vacuum. Fi-
nally, the imaging system uses different lenses to magnify
the image or the diffraction pattern and to focus these
on the viewing screen or computer display [2].
TEM is based on electron scattering. When the beam
of electrons pass through the sample, some electrons re-
main undeviated and some are scattered by a set of planes
of atoms due to Couloumb interactions, resulting on a
non-uniform distribution that contains the information
about the sample. Using a restricting aperture or an
electron detector that only selects electrons with a cer-
tain angle of deviation, we can choose which electrons
form the image and thus we control the information that
it presents. In addition, we need a very thin sample in
order to have a single scattering process, which makes
easier to interpret the images.
Electron scattering is elastic if there is no loss of energy
and it is inelastic if there is a considerable loss of energy.
The first case is the one that interests us, because it is the
major source of contrast and intensity in TEM images.
Electrons that are scattered elastically through small an-
gles (less than 3◦) are coherent, which means that they
have a phase relationship.This scattering is referred to as
diffraction, which involves treating the electron as a wave
and is the most significant phenomenon in the TEM.
In order to explain the diffraction process, we will con-
sidere atoms that are stacked together regularly in a crys-
tal structure. In real space, we can define any lattice
vector, rn, by the equation:
rn = n1a+ n2b+ n3c (1)
where the vectors a, b and c are the unit-cell translations
in real space and are called the primitive vectors. n1, n2
and n3 are all integers.
We introduce here the concept of the reciprocal lattice,
which represents the Fourier transform of another lattice.
So, it is a lattice in reciprocal space and is a purely geo-
metrical construction. Any reciprocal-lattice vector, G,
can be defined as following:
G = ha∗ + kb∗ + lc∗ (2)
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where h, k and l are all integers and they define the plane
(hkl). The definition of this plane is that it cuts the a, b
and c axes at 1/h, 1/k and 1/l, respectively. Moreover,
a∗,b∗ and c∗ are the primitive vectors in reciprocal space
and can be expressed as
a∗ =
2pi(b ∧ c)
a · (b ∧ c) ;b
∗ =
2pi(c ∧ a)
a · (b ∧ c) ; c
∗ =
2pi(a ∧ b)
a · (b ∧ c) (3)
In the reciprocal lattice, sets of parallel (hkl) atomic
planes are represented by a single point located a distance
1/dhkl from the lattice origin [2]. dhkl is the interplanar
spacing:
dhkl =
1
|G| (4)
Therefore, if an object or a length is large in real space,
then it is small in reciprocal space.
The basic property of a crystal is that its inner po-
tential, V (r), is periodic and positive. This property is
expressed by
V (r) = V (r+R) (5)
where R represents any lattice vector of the crystal and
r represents any real-space vector. Since the potential is
periodic, we can express it as a Fourier series in which
we sum over all the lattice points in reciprocal space
V (r) =
∑
G
VGe
iG·r (6)
being VG the G component of V in the series and it is
referred to as the Fourier coefficient.
Due to this periodic potential, an electron in a crystal
can be described by the sum of Bloch waves
ψk(r) = uk(r) · eik·r (7)
where uk(r) is a periodic function and k is a wave vector
of a plane wave.
We introduce now the structure factor F (θ), which is a
measure of the amplitude of an electron wave scattered by
a unit cell of a crystal structure, and it has dimensions of
length. We can define F (θ) as the sum of the f(θ) terms
from all the i atoms in the unit cell multiplied by a phase
factor fi. The phase factor takes account of the difference
in phase between waves scattered from atoms on different
but parallel atomic planes with the same Miller indices
(hkl). The scattering angle (θ) is the angle between the
incident and scattered electron beams. It gives us the
following expression:
F (θ) =
∞∑
i
fie
−2pii(hxi+kyi+lzi) (8)
In consequence, the amplitude of scattering depends on
the type of atom (f(θ)), the position of the atom in the
cell (x, y, z), and the specific atomic planes (hkl) that
make up the crystal structure. Furthermore, |F (θ)|2 is
proportional to the scattered intensity, which determines
the contrast of the TEM images. This equation predicts
that in certain circumstances the amplitude of scattering
is zero, which is called a systematic absence and is very
useful to do a diagnostic test when determining crystal
structures in the TEM.
Finally, the positions of the diffracted beams are de-
termined by the size and shape of the unit cell. The
diffraction process from a TEM specimen is described by
the Bragg’s Law:
nλ = 2dsinθ (9)
where d is the distance between two reflecting hkl planes
and θ is the incident angle of the wave. We can see that
atomic planes which are closer together give rise to larger
angles of scatter, a very important aspect in diffraction-
pattern interpretation. So, by choosing λ for the incident
electron (which we control with the accelerating voltage)
and measuring θ experimentally, we can find the inter-
planar spacings in our sample.
The mode of the TEM that we use is the HRTEM,
which maximizes the useful detail in the image. The
beam passing through the lens at high spatial frequen-
ciess is bent through a larger angle by the objective lens,
so each point in the sample plane is transformed into an
extended region in the final image and, in consequence,
each point in the final image has contributions from many
points in the sample. Here, we need to apply the weak
phase-object approximation (WPOA), which says that,
for a very thin sample, the amplitude of a transmitted
wave function depends linearly on the projected poten-
tial of the sample.
The image formation can be mathematically expressed
as convolution of the point-spread function and the func-
tion that describes the points of the specimen. The con-
volution is a complicated operation in real space, but it is
a simple multiplication in reciprocal space. By perform-
ing Fourier transforms, we obtain the functions in recip-
rocal space. The Fourier transform of a function is the
representation of the function in the frequency-domain
and it is expressed by
F (ω) =
∫ +∞
−∞
f(x)eiωxdω (10)
Thus, in this work we will use the Fast Fourier Trans-
form (FFT), a fast algorithm for computing the discrete
Fourier Transform [4]. The FFT computes the Fourier
transform in O(NlogN) operations, instead of the O(N2)
operations needed without this algorithm, where N is the
number of points of the discrete function.
III. PROCEDURE OF CHARACTERIZATION
OF THE NANOPARTICLES
In the first place, we have a set of images obtained
with TEM from a nanoscopic sample. We open them
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with Gatan DigitalMicrograph software, which is a pro-
gram used for acquiring, visualizing, analyzing and pro-
cessing digital image data, especially in the field of elec-
tron microscopy. Once the images are opened, we select
those with better resolution and specify a rectangular
region from which we will make the Fast Fourier Trans-
form (FFT). By calculating the Fourier transform, we re-
veal the periodic contents of the image. Then, we select
spots from the FFT, which correspond to sets of parallel
atomic planes, and the program calculates the spacing in
nanometres (nm) and the angle in degrees (◦) between
them. These spots that we see satisfy (9) and, in gen-
eral, their structure factor given by (8) is different from
zero. However, the theory is formulated assuming that
the crystal is perfect and infinite, which is not the real
case. Thus, we can see spots that generate systematic ab-
sence in the theory and there are some spots theoricaly
visible that we do not see.
FIG. 1: Gatan DigitalMicrograph interface. At left, FFT
image and ”Results” window. At right, image obtained with
TEM.
The next step requires the use of another software, that
is CaRIne Crystallography. This program specializes in
the simulation and analysis of the crystals, and it interac-
tively deals with different geometrical representations of
them, such as real lattices in 3D, surfaces, reciprocal lat-
tices and many more. Initially, we must have the model of
the unit cells that interest us. The libraries of CaRIne of-
fer numerous unit cell and crystal files, but we can create
our own in case they are missing. By setting the lattice
parameters, which are the lengths of the cell edges (a, b
and c) and the angles between them (α, β and γ), and
by adding the different atoms with their position (x, y
and z) defined, we create new unit cells to work with.
We can obtain the parameters for each crystal from the
Crystallography Open Database or the Inorganic Mate-
rial Database (AtomWork), which are open-access collec-
tions of crystal structures. For each cell, we introduce the
spacing (in A˚) and the angle calculated with Gatan DM
software and, then, CaRIne identifies the possible planes
corresponding to those spots, giving the Miller indices
(hkl) of the planes, the error and the zone axis, which is
the the high symmetry direction along which the crystal
is observed. The planes and the interplanar distance sat-
isfy (4). We accept the results with small error (less than
10-20%) and we continue identifying planes for the other
spots of the diffraction pattern. Finally, we create the
reciprocal lattice of the cell and we look along the zone
axis where are all the identified planes. We compare that
image showed in CaRIne with the FFT showed by Gatan
DM. If the two images fit each other, we can identify our
sample as the crystal whose cells contain the planes given
by CaRIne.
FIG. 2: CaRIne Crystallography interface. From left to right:
unit cell of the crystal, reciprocal lattice and ”Identification
of Planes” window.
IV. RESULTS
The nanostructures studied in this work were ob-
tained by the group of Dr. Figuerola (Qu´ımica In-
orga`nica-UB) through the reaction at room tempera-
ture of pre-synthesised Ag2S nanoparticles with a toluene
Au (III) solution, using either Tetraoctylammonium bro-
mide (TOAB) or dodecylamine (DDA) as complexing
and transfer agents. The expected products are listed
in Table I [3].
Reactants Products Shape
Ag2S NPs
Au(III)-DDA
Au-Ag2S NPs
Ag2S NPs
Au(III)-TOAB
Au-Ag3AuS2 HNPs
Au-AgAuS HNPs
AgAuS NPs
Ag2S rods
Au(III)-DDA
Au-Ag3AuS2 rods
Au-AgAuS rods
Ag2S rods
Au(III)-TOAB
AgAuS rods
TABLE I: Expected products and their shape in function of
the used reactants. The shape can be dimer-like nanopaticles
(NPs), dimer-like hybrid nanoparticles (HNPs) or nanorods
(rods).
I have studied images from six different samples.The
results of their characterization are shown in Table II.
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Sample
Synthesis
information
Identified
crystal
Figure
Ag2S-23 Starting sample Ag-Ag2S HNPs
Fig. 3
Fig. 4
Ag2Srods Starting sample Ag2S rods Fig. 5
AuAgS 32
Ag2S NPs
Au(III)-TOAB
Ag/Au ratio = 3:1
Au-Ag3AuS2
HNPs
Fig.6
Fig.7
AuAgS 33
Ag2S NPs
Au(III)-TOAB
Ag/Au ratio = 1:1
Au-Ag3AuS2
HNPs
Fig. 8
Fig. 9
Ag2S Au DDA
Ag2S rods
Au(III)-DDA
AgAuS rods Fig. 10
HollowAgSrods
Ag2S rods
Au(III)-TOAB
Low Ag/Au ratio
Ag2S rods Fig. 11
TABLE II: Name of the sample, information of the synthe-
sis process of the sample (used reactants and Ag/Au ratio),
identified crystal from the sample and figure in which it can
be seen.
FIG. 3: (a) TEM image of an acanthite (Ag2S) nanoparticle.
(b) FFT of the selected region. Zone axis: [2,-1,-1]. Plane of
spot 1: (0,1,-1). Plane of spot 2: (1,0,2)
FIG. 4: (a) TEM image of a silver phase in Ag-Ag2S. (b)
FFT of the region. Zone axis: [1,0,0]. Plane of spot 1: (0,2,-
2). Plane of spot 2: (0,0,2)
Comparing the identified crystals of Table II with the
expected ones given by Table I in function of the syn-
thesis process of the sample, we can observe some facts.
FIG. 5: (a) TEM image of a nanorod of acanthite. (b) FFT
of the selected region. Zone axis: [2,-1,-1]. Plane of spot 1:
(0,1,-1). Plane of spot 2: (1,1,1)
FIG. 6: (a) TEM image of an uytenbogaardtite crystal
(Ag3AuS2). (b) FFT of the selected region. Zone axis: [1,1,1].
Plane of spot 1: (0,1,-1). Plane of spot 2: (1,-1,0)
FIG. 7: (a) Image of an Au-Ag3AuS2 crystal with the gold
phase selected. (b) FFT of the selected region. Zone axis:
[1,0,1]. Plane of spot 1: (1,-1,-1). Plane of spot 2: (0,2,0)
The identification of the ”Ag2Srods” sample gives an ex-
pected result since it is a starting sample from which we
obtain the other samples. The starting sample named as
”Ag2S-23” contains an extra silver phase. The character-
ization of the ”AuAgS 32” and ”AuAgS 33” specimens
is the expected one, both by crystal and by shape. We
see that the different Ag/Au ratio used in the synthesis
process gives the same result, but this is correct since we
need a lower ratio of Ag/Au to obtain the Au-AgAuS and
AgAuS nanoparticles. In the ”Ag2S Au DDA” sample
there is a small and dark phase that we could not identify.
However, it is probably a gold phase. If it is the case, then
the found Au-AgAuS nanorods are the expected crystal
of that synthesis process. Finally, the ”HollowAgSrods”
specimen is identified as acanthite (Ag2S) nanorods, but
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FIG. 8: (a) Image of an uytenbogaardtite obtained with TEM.
(b) FFT of the selected region. Zone axis: [0,1,-1]. Plane of
spot 1: (0,1,1). Plane of spot 2: (2,2,2)
FIG. 9: (a) TEM image with the gold phase in Au-Ag3AuS2
selected. (b) Its FFT. Zone axis: [1,1,0]. Plane of spot 1:
(1,-1,1). Plane of spot 2: (1,-1,-1)
FIG. 10: (a) Image of a petrovskaite crystal (AgAuS) ob-
tained with TEM. (b) Its FFT. Zone axis: [1,0,0]. Plane of
spot 1: (0,0,1). Plane of spot 2: (0,1,0)
the expected crystal was AgAuS nanorods. It can be ex-
plained by the fact that a low Ag/Au ratio was used in
the synthesis process and it is needed a very high one to
obtain the expected crystal.
FIG. 11: (a) TEM image of an acanthite nanorod. (b) The
FFT of the selected region. Zone axis: [2,2,-1]. Plane of spot
1: (1,0,2). Plane of spot 2: (1,-1,0)
V. CONCLUSIONS
• Nanoparticles of the Ag-Au-S ternary system have
been studied by TEM. Given the synthesis process
of the samples, the expected crystals were Ag2S
NPs and rods, Au-Ag3AuS2 HNPs, Au-AgAuS rods
and AgAuS rods.
• The observed nanostructures have been identified
as acanthite with silver HNPs (Ag-Ag2S), acanthite
rods (Ag2S), uytenbogaardtite and gold HNPs (Au-
Ag3AuS2) and petrovskaite rods (AgAuS) with an
unidentified phase which is probably gold.
• Transmission Electron Microscopy is a powerful
technique that allows us to study the materials at
a scale that was unimaginable during much of hu-
man history. To see atoms is something astonishing
even today.
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